A novel technology to obtain high damping capacity in magnesium matrix composites was developed by designing a special interface layer. The interface layer was fabricated by coating a pyrocarbon on the surface of carbon fibers. Experimental results reveal that the carbon coating on carbon fibers may improve the overall damping of composite from room temperature to about 170 C. The relevant damping mechanisms are ascribed to dislocation damping, interface damping and the intrinsic damping of the constituents. At temperature above 170 C, the damping of the composite without the coating exceeds that with the coating owing to the contribution of interface damping and grain boundary damping.
Introduction
High damping materials allow undesirable mechanical vibration and wave propagation to be passively suppressed. This proves effective in the control of noise and the enhancement of vehicle and instrument stability. Therefore, in engineering design, of great interest for scientists is to develop new materials simultaneously exhibiting both good mechanical properties and high damping.
1) Particular attentions have been paid to the continuous carbon fiber reinforced metal matrix composites (MMCs) due to their high mechanical properties, low thermal expansion coefficient in the fiber direction, good electrical and thermal conductivity and excellent damping capacity. [2] [3] [4] Among these fiber composites, a fiber coating is commonly implemented for several reasons: (1) to change or alter the overall composite properties, such as elastic properties, toughness, thermal expansion and thermal conductivity, (2) to affect the stress distribution around the fiber-matrix interface, (3) to improve the bonding quality between the fiber and the matrix, and (4) to be barriers against the interfacial reaction and diffusion. [5] [6] [7] [8] [9] For example, the mechanical properties of titanium based metal matrix composites reinforced by pyrocarbon coated SiC fibers have been investigated by Carrere et al., 10) it was found that all the investigated coatings offer rather good fatigue performance no matter what differences in morphology. As to the damping, it is well known that the poor interfacial bonding has a better damping capacity at the expense of strength as compared with the strong interfacial bonding, so adjusting the interface attribution of composites by means of introducing coating is a potential method to obtain the high damping. Unfortunately, there is little previous analytical and experimental work reported on the effect of fiber coatings on the damping capacity of MMCs.
The aim of this paper is to achieve an interfacial layer of high damping by chemical vapor deposit (CVD) carbon coating on the surface of carbon fibers. The mechanical spectroscopy of AZ91 matrix composites reinforced both with uncoated and coated carbon fiber fabric has been measured, and then, the damping mechanisms involved have been discussed.
Experimental Details
The matrix material was AZ91 magnesium alloy and the reinforcement was T300 plain-woven carbon fiber fabric. Chemical vapor deposit was used to prepare the coating on the surface of the continuous carbon fibers, which subsequently became the interface layer of the composites. There were two important stages in the CVD process. The first was to remove the polymer on the carbon fiber under the protection of Ar gas; the second stage was to deposit the decomposed outcome of heated reaction gas on the surface of the continuous carbon fiber. More detail process about CVD has been described in another paper. 11) Graphitization process was performed after the CVD carbon coating on the surface of carbon fiber fabric finished.
The MMCs were fabricated by pressurized liquid metal infiltration process. Figure 1 is the schematic setup of the infiltration furnace. The temperature of fiber preform and that of melt were set as 600 C and 720 C, respectively. Then the composites with about 40% carbon fibers were machined into 35 Â 5 Â 1 mm 3 rectangular beam damping specimens in fiber direction. For comparison, an uncoated C f /AZ91 composite was also prepared by the same technology. The measurements of the damping were performed by a dynamic mechanical thermal analyzer (DMA 2980), and the testing conditions were set as: the strain amplitude (") 10 À5 $10 À3 , the vibration frequency ( f ) 0.1, 0.5, 1 and 4 Hz, and the temperature (T) ranged from room temperature to 350 C. Graphitization degree after CVD was characterized by a Philips PW 1700 X-ray diffraction (XRD), microstructure analyses of the specimen were carried out on an optical microscope (OM) and a Philips SEM 515 scanning electron microscopy (SEM).
Results
The typical morphology of the CVD coating is shown in Fig. 2 , which indicates that the coating thickness is about 1 mm. Figure 3 shows the XRD results for original carbon fiber and deposited carbon after graphitization treatment, the XRD pattern for graphite fiber (M40B) is also added in for comparison. It is clearly seen that the deposited carbon is prone to form the integral graphite crystal structure, rough calculation from the d-spacing (d 002 ) indicates that graphitization degree approaches 80%. Figure 4 shows the infiltration status of the matrix alloy and distribution micrograph of fibers in the uncoated C f /AZ91 composite, which illustrates that the infiltration of the matrix is sufficient and the distribution of fibers is relatively uniform.
In light of the measured damping data, the curves of internal friction (tan ) vs. temperature (T) were plotted for uncoated and coated C f /AZ91 composite in Fig. 5 . Inspection of damping spectra of two composites reveals a similar changing trend, which is that when frequency is more than 0.1 Hz, the damping declines at temperatures below about 100 C, but gains slightly until 220 C. After that, the damping increases dramatically with increasing temperature. However, in the case of 0.1 Hz, the damping increases obviously with increasing temperature until 100 C. In the whole measured temperature range, the lower the frequency is, the higher the damping. Comparison of the damping of uncoated and coated C f /AZ91 composite is shown in Fig. 6 . It can be seen that the damping of the composite with coating exceeds that one without coating up to 170 C. Moreover, for the coated C f /AZ91 composite, its damping measured at 1 Hz is always above 0.01 in the whole temperature range. Figure 7 shows the comparison of damping between uncoated and coated C f /AZ91 composite at room temperature. It is found that the damping of coated C f /AZ91 composite is almost two times larger than that of uncoated C f /AZ91 composite.
Discussion
As with many physical and mechanical properties of mixtures, the rule of mixtures (ROM) can be used to predict the damping capacity of MMCs. Consider a fiber composite system consisting of three constituents, i.e., fiber, matrix and interface. Wolfenden and Wolla have then proposed an improved ROM formula to calculate the damping of composite 12)
where Q À1 is damping capacity, V is volume fraction, and the subscript f , m and i refer to fiber, matrix and interface, respectively. While eq. (1) cannot be used to calculate the damping directly, it manifests that the damping of composite is determined by the interface layer besides the matrix and reinforcement. For the case of the poor bonded interface, interfacial slip may occur when the magnitude of the shear stress at the interface is sufficient to overcome friction resistance, the friction energy loss resulting from interfacial slip is one of the important factors of generating damping. [13] [14] [15] [16] Considering the stress applied in the measurement is very small, so the actual interfacial slip can only be called as micro-slide. In addition, it is well known that the micro-slide can execute more thoroughly at a low frequency rather than at a high frequency under the same stress level because frequency is the reciprocal of the stress's cyclic time. This resulted in another phenomenon that damping increases with decreasing the frequency, as shown in Fig. 5 . Moreover, when the frequency is above 0.1 Hz, the damping drop below 100 C may be related to the dislocation damping. According to Granato-Lücke theory, 17, 18 ) the damping can be described as the sum of the frequency-dependent part, Q À1 f , and the strain amplitude-dependent,
Here, C 1 , C 2 and C 3 are physical constant, is dislocation density, b is the Burgers vector, " 0 and f are vibration strain amplitude and frequency, respectively. As temperature increases, the dislocation density in the matrix of MMCs decreases, and the damping may decrease if assuming the amounts of weak pinning points keep constant. When temperature increases to above 100 C, the stress for breakaway from weak pinning points is decreased because this process is thermally activated.
19) The damping may no longer a becomes dominant and the interface micro-slide may happen. The absence of this phenomenon in the damping spectra of 0.1 Hz is due to the interface microslide mechanism may play a primary role. Further information from other analyses is required to clarify the damping drop.
As shown in Figs. 6-7, the damping of the composite with coating is seen to be better than that without coating up to 170 C, which can be explained from the micro-slip of interface and its intrinsic damping. The introduction of the fiber coating may increase the interface and may cause more micro-slip above mentioned. And besides, the intrinsic damping of interface layer also plays an important role. In the present study, most of the deposited carbon forms the integral graphite crystal structure after graphitization treatment, as shown in Fig. 3 . And thus, the fiber coating possesses such a high damping as graphite (0.015) 15, 16) and contributes to high damping of the composite according to eq. (1). On the other hand, when the temperature increases above 170 C, the damping of the composite without coating exceeds that one with coating, which may be illustrated from interface micro-slip and grain boundary sliding. The interface existed in the uncoated C f /AZ91 composite may become weaker at high temperature, interface micro-slip may be easier and contribute to the higher damping. Additionally, high temperature helps in sliding of grain boundary, introducing the coating makes the volume of the matrix less correspondingly, so at high temperature, the grain boundary sliding will be more notable in uncoated C f /AZ91 composite than in coated C f /AZ91 composite, the overall damping of the composite without coating will thus be higher at temperature above 170 C. To sum up, dislocation damping, interface damping and the intrinsic damping of constituents play a primary role at low temperature, while interface damping and grain boundary damping will dominate at high temperature.
Conclusions
The concept of obtaining high damping through interface layer design has been successfully applied in coated carbon fiber fabric reinforced AZ91 matrix composite. From the results of the study, the following specific conclusions are drawn:
(1) As compared to uncoated C f /AZ91 composite, the coated C f /AZ91 composite shows the better damping capacity at low temperature. Especially at room temperature, the damping of coated C f /AZ91 composite is almost two times larger than that of uncoated C f / AZ91 composite. (2) In the whole measured temperature range, the damping of the coated C f /AZ91 composite keeps above 0.01 at a frequency of 1 Hz. (3) At low tempature, dislocation damping, interface damping and the intrinsic damping of constituents play a primary role, while interface damping and grain boundary damping will dominate at high temperature.
